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ABSTRACT. A s t u d y  of  t h e  e x p e c t e d  f r e q u e n c y  of merging g a l a x i e s  
is conduc ted ,  u s i n g  t h e  i m p u l s i v e  approx ima t ion .  R e s u l t s  
i n d i c a t e  t h a t  i f  w e  c o n s i d e r  merge r s  i n v o l v i n g  g a l a x y  pa i r s  
w i t h o u t  halos i n  a s i n g l e  c r o s s i n g  t i m e  or o r b i t a l  p e r i o d ,  t h e  
e x p e c t e d  f r e q u e n c y  of  merge r s  is t w o  o r d e r s  of magni tude  below 
the  obse rved  v a l u e  f o r  t h e  p r e s e n t  epoch.  I f  w e  c o n s i d e r  m e r g e r s  
i n v o v l i n g  s e v e r a l  o r b i t a l  p e r i o d s  or c r o s s i n g  t i m e s ,  t h e  e x p e c t e d  
f r e q u e n c y  goes  up by an o r d e r  of magni tude .  P r e l i m i h a r y  
c a l c u l a t i o n  i n d i c a t e  t h a t  i f  w e  c o n s i d e r  g a l a x y  merge r s  between 
p a i r s  w i t h  mass ive  h a l o s ,  t h e  merger  is v e r y  much h a s t e n e d .  
INTRODUCTION 
O b s e r v a t i o n s  i n d i c a t e  t h a t  t h e  f r e q u e n c y  of  g a l a x y  mergers 
( o r d e r  of magni tude a c c u r a c y  o n l y )  i n  t h e  p r e s e n t  epoch  
is -0.3% (Toomre, 1977; Tremaine,  1 9 8 0 ) .  An e x t r a p o l a t i o n  to  t h e  
p a s t  y i e l d s  a f r e q u e n c y  -5%. Loose ly  bound p a i r s  of g a l a x i e s ,  
t h a t  had separated t o  g r e a t  d i s t a n c s  i n  t h e  g e n e r a l  cosmic 
e x p a n s i o n ,  and have l a t e l y  f a l l e n  t o g e t h e r  a g a i n  ( f o r  t h e  f i r s t  
or feweth  t i m e )  i n  c o m e t - l i k e  p l u n g i n g  e l l i p s e s ,  seem t o  be t h e  
m o s t  l u c r a t i v e  c a n d i d a t e s  f o r  merge r s .  To t a c k l e  t h i s  problem it 
51 9 
https://ntrs.nasa.gov/search.jsp?R=19910007618 2020-03-19T19:49:23+00:00Z
is n e c e s s a r y  t o  d e t e r m i n e  t h e  f r e q u e n c y  of merging g a l a x i e s  on 
t h e  b a s i s  of  t h e  c o l l i s i o n  t h e o r y  and compare t h e  v a l u e s  so 
o b t a i n e d  w i t h  t h e  o b s e r v a t i o n a l  ones .  
I n  t h i s  work w e  have s t u d i e d  sphe re - sphe re  and d i s k - s p h e r e  
c o l l i s i o n s .  We have assumed t h a t  a g a l a x y  and its n e a r e s t  
ne ighbor  are l i k e l y  t o  form a bound pa i r ,  f o r  f r e q u e n c y  
d e t e r m i n a t i o n s .  W e  have n o t  embedded t h e  g a l a x i e s  i n  mass ive  
halos ,  e x c e p t  f o r  one case. A d e t a i l e d  p a p e r  on merger  o f  
g a l a x i e s  w i t h  mass ive  h a l o s  w i l l  be p u b l i s h e d  soon.  The 
d e t e r m i n a t i o n  of g e n e r a l  r e s u l t s  and t h e  e x p e c t e d  f r e q u e n c y  o f  
merging g a l a x i e s  is g r e a t l y  f a c i l i t a t e d  by u s i n g  t h e  i m p u l s i v e  
a p p r o x i m a t i o n ,  as it is a s u i t a b l e  way of s t u d y i n g  many 
c o l l i s i o n s  w i t h  v a r y i n g  p a r a m e t e r s .  A s  f a r  as t h e  o rde r -o f -  
magni tude r e s u l t s  are conce rned ,  those o b t a i n e d  by t h i s  method 
t a l l y  q u i t e  w e l l  w i t h  t h e  r e s u l t s  of N-body s i m u l a t i o n s  (Toomre, 
1977; D e k e l  e t  a l . ,  1980; A l l a d i n  and Narasimhan, 1982; and 
A g u i l a r  and Whi te ,  1 9 8 5 ) .  Hence t h e  o r d e r  of magni tude of t h e  
f r e q u e n c y  t h a t  w e  o b t a i n  by t h i s  method w i l l  be correct. A t  any  
r a t e ,  t h e  c r u c i a l  q u e s t i o n s  p e r t a i n  t o  t h e  o r d e r  of magni tude of  
t h e  f r e q u e n c y  of merging g a l a x i e s .  
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THEORY 
We model t h e  s p h e r i c a l  g a l a x y  as a p o l y t r o p e  of index  n = 4 ,  
and t h e  d i s k  g a l a x y  as an e x p o n e n t i a l  model d i s k  w i t h  d e n s i t y  
d i s t r i b u t i o n ,  ~ ( r )  = ace 
c e n t r a l  d e n s i t y ,  MD and RD being  t h e  mass and r a d i u s  of t h e  d i s k  
and b is a c o n s t a n t  p e r t a i n i n g  t o  i ts  d e n s i t y  d i s t r i b u t i o n .  T h i s  
-4 r /RD 2 , where CY = MD/(2nRDb) is t h e  
C 
d i s k  is t h i c k e n e d  by a method i n d i c a t e d  by Roh l f s  and 
Krei tschmann (1981) .  A p o l y t r o p i c  bulge  of index  n = 4 is 
supe rposed  on t h i s  d i s k .  The model is d i s c u s s e d  i n  d e t a i l  i n  
C h a t t e r j e e ,  1989. 
The t h e o r y  f o r  s t u d y i n g  sphe re - sphe re  and d i s k  s p h e r e  
c o l l i s i o n s  f o r  mergers  t a k i n g  p l a c e  i n  a s i n g l e  o r b i t a l  p e r i o d  is 
b a s i c a l l y  t h e  same as i n  Chat te r jee ,  1987 ( h e r e a f t e r  r e f e r r e d  t o  
as Paper  I ) ,  e x c e p t  t h a t  i n  t he  case of d i sk - sphe re  c o l l i s i o n s  
t h e  appropriate  f u n c t i o n  x = xDS is used ,  which d e f i n e s  t h e  
mutua l  p o t e n t i a l  e n e r g y  f u n c t i o n  f o r  t h e  d i s k - s p h e r e  sys tem ( c f .  
B a l l a b h ,  1 9 7 5 ) .  M1 and M2 are t h e  masses and R1 = R2 = R t h e i r  
common r a d i i .  Mergers  of  d i s k - s p h e r e  sys t ems  are dea l t  w i t h  i n  
d e t a i l  i n  C h a t t e r j e e  1990a. 
To s t u d y  mergers  t a k i n g  p l a c e  i n  s e v e r a l  o r b i t a l  p e r i o d s  w e  
u se  t he  same method as o u t l i n e d  i n  C h a t t e r j e e ,  1990b. The method 
is b a s i c a l l y  a m o d i f i c a t i o n  of t h e  method used by A l l a d i n ,  
1965. I n  t he  case of d i s k - s p h e r e  c o l l i s i o n s  t h e  a p p r o p r i a t e  
f u n c t i o n  x = 
c o o r d i n a t e s  of t h e  p e r t u r b e r  g a l a x y  (Galaxy 1) w i t h  r e s p e c t  t o  
t h e  t es t  g a l a x y  (Galaxy 21 ,  i n  t h e  o r b i t a l  p l a n e  c h a r a c t e r i z i n g  
t h e  r e l a t i v e  mot ion ,  and U,.R and E ,  t h e  reduced mass, t h e  a n g u l a r  
is used .  I f  r and 8 d e n o t e  t h e  p o l a r  'DS 
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momentum and t h e  e n e r g y  of  o r b i t a l  mot ion ,  r e s p e c t i v e l y ,  t h e n  t h e  
Lagrang ian  e q u a t i o n s  f o r  t h e  problem g i v e ,  
These e q u a t i o n s  can be used to  d e t e r m i n e  t h e  o r b i t  and t h e  
v a r i a t i o n  of t i m e  a l o n g  t h e  o r b i t .  The r e l a t i v e  o r b i t  is s t u d i e d  
n u m e r i c a l l y  by u s i n g  t h e s e  e q u a t i o n s .  At small  i n t e r v a l s  of r 
and e t h e  t i d a l  e f f e c t s ,  and t h e  c o r r e s p o n d i n g  change i n  v e l o c i t y  
of t h e  stars , is s t u d i e d  by t h e  same method as i n  Paper I. The 
change i n  i n t e r n a l  e n e r g i e s  of t h e  t w o  g a l a x i e s  AU1 and A U ~  a t  
any t i m e  t can  be o b t a i n e d  from, 
where Ei  = ( 1 / Z ) p V i 2  - (GM1M2/R2) xsi 
and  
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V i  and Ei are t h e  i n i t i a l  r e l a t i v e  v e l o c i t y  and o r b i t a l  ene rgy  of 
t h e  t w o  g a l a x i e s ,  W ( t )  = W(s) is t h e  mutual  p o t e n t i a l  energy  of 
t h e  t w o  g a l a x i e s  a t  t h e  i n s t a n t a n e o u s  s e p a r a t i o n  s = 
r / R ,  xS are t h e  v a l u e s  of x = x S s  or xDs (depending on 
whether  it is a sphe re - sphe re  or d i sk - sphe re  c o l l i s i o n  t h a t  is 
under  s t u d y )  ( A l l a d i n  u s e s  Q = SX) a t  t h e  i n i t i a l  s e p a r a t i o n  si = 
r i / R  and s = r / R ,  r e s p e c t i v e l y .  
and x 
S i 
W e  s t u d y  many c o l l i s i o n s  between g a l a x i e s  of e q u a l  
d imens ions .  I n  t h e  case of d i sk - sphe re  co l l i s ions  as almost a l l  
of t h e  mass of t h e  s p h e r i c a l  g a l a x y  is c o n c e n t r a t e d  w i t h i n  1/3 of 
its r a d i u s ,  t h e  e f f e c t i v e  r a d i u s  of t h e  s p h e r i c a l  ga laxy  is 1/3 
t h a t  of t he  d i s k .  I n  t h e  case of mergers  t a k i n g  p l a c e  i n  a 
s i n g l e  c r o s s i n g  p e r i o d ,  each  c o l l i s i o n  is c h a r a c t e r i z e d  by a 
v a l u e  of t h e  d i s t a n c e  of closest  approach ,  p ,  and i n i t i a l  
v e l o c i t y  V i ,  as d i s c u s s e d  i n  Paper  I. 
t a k i n g  p l a c e  i n  s e v e r a l  o r b i t a l  p e r i o d s ,  t h e  i n i t i a l  s e p a r a t i o n  
is t aken  t o  p l a y  t h e  p a r t  of p i n  f r equency  d e t e r m i n a t i o n .  I n  
e a c h  case t h e  change i n  v e l o c i t y  due t o  dynamical  f r i c t i o n  is 
calculated for small i n t e r v a l s  as t h e  g a l a x i e s  advance i n  t h e i r  
r e l a t i v e  o r b i t ,  and t h e  i n s t a n t a n e o u s  r e l a t i v e  v e l o c i t y  so 
de termined  is used to  c o n t i n u e  t h e  i n t e g r a t i o n s  of t h e  e q u a t i o n s  
of  motion of t h e  t w o  g a l a x i e s .  Merger t a k e s  p l a c e  when t h e  
i n s t a n t a n e o u s  r e l a t i v e  v e l o c i t y ,  V i ,  of t h e  t w o  g a l a x i e s  e q u a l s  
t h e  v e l o c i t y  of e s c a p e  between t h e  p a i r  c h a r a c t e r i z e d  a t  t h e  
i n s t a n t a n e o u s  s e p a r a t i o n ,  VE, as d i s c u s s e d  i n  Paper  I.  I n  t h e  
case of mergers  t a k i n g  p l a c e  i n  a s i n g l e  c r o s s i n g  t i m e  t h e  
I n  t h e  case of mergers 
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r e l a t i v e  v e l o c i t y  a t  closest approach ,  V is used f o r  f r equency  
d e t e r m i n a t i o n s ,  w h i l e  V i  is t a k e n  to  p l a y  t h e  p a r t  of Vp fo r  
mergers  i n  s e v e r a l  o r b i t a l  p e r i o d s .  
P 
NUMERICAL RESULTS AND DISCUSSION 
Genera l  R e s u u l t s  
The computa t ions  of  many co l l i s ions  have been c a r r i e d  o u t ,  
each  co l l i s ion  be ing  c h a r a c t e r i z e d  by a v a l u e  of V and p 
(measured i n  u n i t s  of t h e  r a d i u s  of e i t h e r  g a l a x y )  and scaled f o r  
d i f f e r e n t  mass r a t i o s  of t h e  t w o  g a l a x i e s .  
P 
F o r  sphe re - sphe re  sys tems i n  col l is ion,  w e  f i n d  t h a t  f o r  
cen t ra l  impac t s ,  merger  t a k e s  place i n  a s i n g l e  c r o s s i n g  t i m e  
p rov ided  p 5 RlI4, t h e  r a d i u s  c o n t a i n i n g  1 / 4  of t h e  mass of t h e  
v i c t i m  g a l a x y ,  and V 
s i n g l e  c r o s s i n g  t i m e  up t o  p < R t h e  r a d i u s  c o n t a i n i n g  3/4 of 
t h e  mass of t h e  v i c t i m  ga laxy ;  w h i l e  t h e  merger is e f f e c t e d  i n  
more t h a n  one o r b i t a l  p e r i o d  up t o  p N R. The merger is e f f e c t e d  
i n  < 2 o r b i t a l  p e r i o d s  i f  R 
< 1.2 VE, The merger is a f f e c t e d  i n  a 
P N  
N 3/4’ 
< p N < 4Rh (4Rh  = 1 / 2  of t h e  3/4 N N 
r a d i u s  f o r  p o l y t r o p i c  n = 4 mode l ) ,  Rh be ing  t h e  g a l a c t i c  h a l f -  
mass r a d i u s ;  and i n  s e v e r a l  o r b i t a l  p e r i o d s  (-5) f o r  
4Rh N < p N < R. 
p r o c e s s  becomes q u i t e  i n e f f e c t i v e  and t h e  merger is e f f e c t e d  
e x t r e m e l y  s lowly .  The r e l a t i v e  mass of t h e  p e r t u r b e r  w i t h  
I n  g e n e r a l  beyond p - 4Rh t h e  dynamical  f r i c t i o n  
r e s p e c t  to  t h e  v i c t i m  ga laxy  does n o t  seem to  a f f e c t  t h e  merger  
t i m e s  markedly,  u n l e s s  t h e  former h a s  less t h a n  abou t  1/5 t h e  
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mass of  t h e  l a t t e r .  F o r  p < N 4Rh ,  t h e  p a r a b o l i c  p e r t u r b e r  o r b i t  
is c i r c u l a r i z e d  i n  t h e  f i r s t  o r b i t a l  p e r i o d ,  and t h e  s u b s e q u e n t  
o r b i t  e f fec ts  t h e  merger ;  w h i l e  i f  p l ies between 4Rh and R, t h e  
c i r c u l a r i z a t i o n  is a c h i e v e d  i n  few o r b i t a l  p e r i o d s .  Beyond 
p - R,  merge r s  do n o t  seem t o  t a k e  p l a c e  as t h e  dynamica l  
f r i c t i o n  l a c k s  t h e  a b i l i t y  of c i r c u l a r i z i n g  t h e  p a r a b o l i c  
p e r t u r b e r  o r b i t  and t h e  same recede to  an  enormous d i s t a n c e  from 
which it d o e s  n o t  r e t u r n  i n  s i g n i f i c a n t  o r b i t a l  timescales. 
I n  t h e  case of d i s k - s p h e r e  c o l l i s i o n s ,  dynamica l  f r i c t i o n  
p l a y s  a v e r y  i n s i g n i f i c a n t  role ,  compared to  s p h e r e - s p h e r e  
c o l l i s i o n s ,  due to  t h e  small t h i c k n e s s  of  t h e  v i c t i m  d i s k  and  
m e r g e r s  do n o t  seem t o  be p o s s i b l e  f o r  h y p e r b o l i c  v e l o c i t i e s ,  
which i m p l i e s  V N < VE. 
c r o s s i n g  t i m e  o n l y  i f  t h e  impact  is c e n t r a l  or v e r y  n e a r l y  so,  
and the  r a n g e  of  v a l u e s  of  p depends  s t r o n g l y  on t h e  r e l a t i v e  
mass of t h e  b u l g e  w i t h  r e s p e c t  t o  t h e  d i s k .  F o r  these r e a s o n s ,  
f o r  t h e  p u r p o s e  of  f r e q u e n c y  d e t e r m i n a t i o n s ,  it seems to  be more 
c o n v e n i e n t  t o  d e t e r m i n e  t h e  r a n g e  of  v a l u e s  of  p f o r  which merger  
is p o s s i b l e  i n  s i n g l e  and s e v e r a l  o r b i t a l  p e r i o d s  t o g e t h e r  ( f o r  a 
more d e t a i l e d  t r e a t m e n t  see C h a t t e r j e e ,  1990b) .  W e  f i n d  t h a t  i n  
t h i s  case merge r s  are p o s s i b l e  up t o  p N R. Only i f  p N > Rh ( f o r  
t h e  v i c t i m  d i s k ) ,  t h e  merger  t a k e s  place in' a much l o n g e r  t i m e  
t h a n  otherwise. Beyond p N R t h e  p e r t u r b e r  d o e s  n o t  seem to  
r e t u r n  i n  s i g n i f i c a n t  o r b i t a l  timescales. 
The merger  is e f f e c t e d  i n  a s i n g l e  
We have s t u d i e d  o n l y  one c o l l i s i o n  w i t h  g a l a x i e s  h a v i n g  
mass ive  h a l o s .  So w e  c a n n o t  comment on t h e  f r e q u e n c y  o f  merging  
g a l a x i e s  w i t h  m a s s i v e  h a l o s ,  b u t  o n l y  men t ion  t h e  r e s u l t s  of t h i s  
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s i m u l a t i o n ,  as t h e  parameters f o r  t h i s  c o l l i s i o n  have been 
c a r e f u l l y  c h o s e n .  The model used  f o r  t h e  halo h a s  t h e  a s y m p t o t i c  
dependence  N(r) N r ,  where r is t h e  d i s t a n c e  measured from t h e  
* c e n t e r  of t h e  g a l a x y ,  and is d i s c u s s e d  i n  d e t a i l  by A l l e n  and 
Martos ( 1 9 8 6 ) .  T h i s  model is e x c e l l e n t  f o r  t h e  s t u d y  of  many 
c o l l i s i o n s  as a n  a n a l y t i c a l  t r e a t m e n t  of t h e  h a l o  is 
e l u c i d a t e d .  The b u l g e  component is modeled as a p o l y t r o p e  o f  
i n d e x  n = 4 .  A merger  of  two i d e n t i c a l  s p h e r i c a l  g a l a x i e s  is 
s t u d i e d .  The h a l o  c o n t a i n s  a b o u t  10 t i m e s  t h e  mass o f  t h e  b u l g e  
Component and 10 its r a d i u s ,  Rb. The i n i t i a l  s e p a r a t i o n  of t h e  
t w o  g a l a x i e s  'is t a k e n  t o  be p = 2Rb  and t h e  i n i t i a l  r e l a t i v e  
v e l o c i t y  is t a k e n  t o  be v i  = 2VE. Merger  takes  p l a c e  i n  few 
o r b i t a l  p e r i o d s  ( <  N 3 ) .  
depends  upon t h e  v a l u e  of t h e  s e p a r a t i o n  of  t h e  c e n t e r s  of t h e  
t w o  g a l a x i e s  f o r  which merger  is d e f i n e d  t o  be c o m p l e t e .  F o r  
The e x a c t  number of o r b i t a l  p e r i o d s  
f r e q u e n c y  d e t e r m i n a t i o n s ,  w h e t h e r  or n o t  t h e  merger  t a k e s  place 
i n  a s i g n i f i c a n t  o r b i t a l  timescale is t h e  c r u c i a l  f a c t .  
B r i e f  Comparison w i t h  P r e v i o u s  Work 
The r e s u l t s  of van Albada and van Gorkom (19771,  White 
( 1 9 7 8 ) ,  Roos and Norman (19791,  are summed up i n  F i g u r e  1 of  
Aar se th  and F a l l  ( 1 9 8 0 ) .  T r a n s l a t e d  i n  terms of o u r  parameters, 
t h i s  f i g u r e  is i n d i c a t i v e  o f  a h i g h  f r e q u e n c y  o f  m e r g e r s  i n  t h e  
region c o r r e s o n d i n g  t o  p N < 0.8 x 2Rh = 0 . 2 1 6 ~ ~  f o r  p o l y t r o p e  n = 
4 model,  and VE <, V < 1.2VE. V i l l u m s e n  (1982)  f i n d s  t h a t  f o r  t h e  
P -  
d i s t a n c e  of c losest  a p p r o a c h  p = R i  < N 10 u n i t s ,  c o r r e s p o n d i n g  t o  
0.22 R (as t h e  t i d a l  r a d i u s  f o r  h i s  model is 45  u n i t s ) ,  merger  is 
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q u i t e  f r e q u e n t ;  w h i l e  f o r  p = Ri = 10 u n i t s ,  merger  o c c u r s  o n l y  
f o r  l o w  r e l a t i v e  v e l o c i t i e s .  A l l a d i n  and P a r t h a s a r a t y  (1978)  
i n d i c a t e  t h a t  s t e l l a r  s y s t e m s ,  modeled as p o l y t r o p e s  of index  
n = 4 ,  i n  mutua l  c i r c u l a r  o r b i t ,  merge i n  abou t  15% of an o r b i t a l  
p e r i o d  f o r  p < 0.2R; w h i l e  for p > 0.2R, merger  t a k e s  
c o n s i d e r a b l y  more t i m e .  A l l  t h e s e  r e s u l t s  compare w e l l  w i t h  o u r  
r e s u l t s  t h a t  merger  i n  a s i n g l e  c r o s s i n g  t i m e  ceases, f o r  sphe re -  
s p h e r e  p a i r s ,  f o r  p < R < 0.2R ( f o r  p o l y t r o p e  n = 4 ) .  The 
r e s u l t s  are n o t  v e r y  much model dependen t .  
d u  N 
- 3/4 - 
I n  t h e  r e g i o n  R3/4 N < p 5 Rh, merger  is ach ieved  i n  a 
t i m e  N 2 o r b i t a l  per iods,  w h i l e  it is a c h i e v e d  i n  s e v e r a l  o r b i t a l  
p e r i o d s  i n  t h e  r e g i o n  4Rh < p < R. 
w e l l  w i t h  t h e  r e s u l t s  of Borne ( 1 9 8 4 ) .  ( F o r  more d e t a i l s  see 
C h a t t e r j e e ,  1990b. l  I t  is i n t e r e s t i n g  t o  n o t e  t h a t  Borne 
i n c l u d e s  a r e l a x a t i o n  t i m e  i n  h i s  scheme, which w e  do n o t ,  b u t  
t h e  r e s o n a t i n g  s t a r s  which h a s t e n  t h e  o r b i t a l  decay of t h e  
g a l a x i e s  i n  h i s  s i m u l a t i o n s  p l a y  a c o m p a r a t i v e l y  i n s i g n i f i c a n t  
pa r t  i n  o u r  scheme. 
These r e s u l t s  compare q u i t e  
N N 
Frequency D e t e r m i n a t i o n s  
I n  d e n s e  r e g i o n s  a g a l a x y  and its n e a r e s t  ne ighbor  can be 
v i s u a l i z e d  to  form a l o o s e l y  bound p a i r  (Toomre, 1977; Tremaine,  
1 9 8 0 ) .  As mentioned b e f o r e ,  t h e  g e n e r a l  o p i n i o n  is t h a t  
c o l l i s i o n s  between i n i t i a l l y  l o o s e l y  bound p a i r s  l e a d  t o  t h e  
m a j o r i t y  of mergers. I n  d e n s e  r e g i o n s  t h e  a v e r a g e  d i s t a n c e  
between g a l a x i e s  is N 10Ra, where Ra is t h e  a v e r a g e  r a d i u s  of a 
g a l a x y  ( M i t t o n ,  1977; Ogorodnikov, 1965) .  So though 
527 
t h e o r e t i c a l l y  t h e  parameter p can  va ry  from 0 t o  = I  its mean 
v a l u e  i n  r e g i o n s  where mergers are f r equency ,  can  be t a k e n  
a s  p, < 10 ( i n  u n i t s  of  t h e  r a d i u s  of a g a l a x y ) .  
t o t a l  range  of v a r i a t i o n  of V P 
w i t h  v e l o c i t y  V 
We t a k e  t h e  
N 
t o  be from 0 t o  4vE# as c o l l i s i o n s  
> 4VE seldom o c c u r  P N  
( i )  Mergers of S p h e r i c a l  Systems i n  a S i n g l e  Cross ing  Time.  
C e n t r a l  Impacts :  p 5 RlI4, V (1 .2  VE.  The p r o b a b i l i t y  i n  terms 
of t h e  ene rgy  of t h e  c o l l i s i o n  is g i v e n  by 
3 PE = ( 1 . 2  V E )  / ( 4 V E I 3  = 0.027; and t h e  p r o b a b i l i t y  i n  terms o f  
t h e  impact pa rame te r  is g i v e n  by P = (R1,4p,) = 4.56 
pP 
mergers  as 1 . 2  x 10-4 %. 
P 
which g i v e s  t he  p r o b a b i l i t y  of mergers  i n  t h i s  case as  Pc = PE x 
= 1 . 2  x Which g i v e s  t h e  expec ted  f r equency  of such  
l e a d i n g  t o  mergers  o n l y  1 / 4  5 LR3/4' O f f  C e n t e r  Impacts :  R 
if Vp 5 VE. The c o r r e s p o n d i n g  p r o b a b i l i t i e s  i n  t h i s  case are 
3.645 x 
e x p e c t e d  f r equency  of 5.7 x %. S i n c e  these are m u t u a l l y  
g i v i n g  Po, = PE x pP = 5.7 x T h i s  g i v e s  an  
e x c l u s i v e  e v e n t s ,  t h e  p r o b a b i l i t y  of mergers  of s p h e r i c a l  sys t ems  
i n  a n  o r b i t a l  p e r i o d  is, P = Pc + Po, = 6.9 x which l e a d s  
t o  an expec ted  f r equency  of  such mergers  as 6.9 x %. 
( i i )  Mergers  of S p h e r i c a l  Systems i n  S e v e r a l  O r b i t a l  Periods. 
< p < w R,  V $VE. I n  t h i s  case t h e  r e s p e c t i v e  R3/4 N 
p r o b a b i l i t i e s  are g i v e n  by PE = [V,/(4VLI3 = 0.015625, Pp = 
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(R23/4  - R21/,)/p2 = 9.6 x which g i v e s  P = PE x Pp = 1.5 x 
which g i v e s  t h e  e x p e c t e d  f r e q u e n c y  o f  such  merge r s  as 1.5 x 
10-2 %. 
Hence t h e  e x p e c t e d  f r e q u e n c y  of  merge r s  of spherical  s y s t e m s  is 
g i v e n  by 1.57 x %. 
( i i i )  Mergers  o f  Disk-Sphere Systems.  
P < R, vp <, VE. I n  t h i s  case t h e  r e s p e c t i v e  p r o b a b i l i t i e s  are 
N 
g i v e n  by PE [VE/ (4V, )13  = 0.015625, Pp = (R/Pm)2 = 0.01, which 
g i v e s  t h e  merger  p r o b a b i l i t y  as P = PE x Pp = 1.56 x 
g i v e s  t h e  e x p e c t e d  f r e q u e n c y  of  such  merge r s  as 1.56 x l o m 2  
% N %. 
which 
CONCLUSIONS 
I n  g e n e r a l  w e  c o n c l u d e  t h a t  t h e  e x p e c t e d  f r e q u e n c y  of 
merging g a l a x i e s  ( n o t  c o n s i d e r i n g  the  e f f e c t  of mass ive  ha los)  
is - 0.01%, which is an  o r d e r  of  magni tude  below t h e  
o b s e r v a t i o n a l  v a l u e  -0.1 %. The e x p e c t e d  f r e q u e n c y  of merging 
g a l a x i e s  i n c r e a s e s  by a n  o r d e r  of magnitude when w e  take i n t o  
a c c o u n t  merge r s  o c c u r r i n g  i n  s e v e r a l  o r b i t a l  p e r i o d s ,  as compared 
t o  t h o s e  o c c u r r i n g  i n  a s i n g l e  c r o s s i n g  t i m e .  More t h a n  90% of 
t h e  merge r s  t a k e  place i n  s e v e r a l  o r b i t a l  p e r i o d s ,  and t h e r e  is 
a n  i n d i c a t i o n  t h a t  t h e  m a j o r i t y  of them t a k e  p l a c e  i n  a 
t i m e  -2 t o  3 o r b i t a l  p e r i o d s .  For merge r s  i n  a s i n g l e  c r o s s i n g  
t i m e ,  more t h a n  80% of them are due to  o f f - c e n t e r  impac t s .  
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Spherical and disk-sphere systems in merger seem to be equally 
frequent. 
If our single simulation with galaxies embedded in massive 
halos is at all typical (which in our view it is), then the 
frequency of galaxy mergers with massive halos will be at least 
an order of magnitude higher than in the absence of halos 
(approaching the observational value for the present epoch). We 
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